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Infrared Study of the Adsorption of NO, NO2 and CO on Rh/AI2O3 
Catalysts 
James A. Anderson, Graeme J. Millar and Colin H. Rochester* 
Chemistry Department, The University, Dundee DD 1 4HN, Scotland 
Infrared spectra of NO, NOz and CO adsorbed on Rh/AI,O, have been recorded in order to identify the role of 
surface Rh-NO+ species in the reactions of NO and CO on Rh surfaces. Rh-NO+ was generated by thermally 
activated adsorption of NO, adsorption of NO on oxidised Rh or by adsorption of NO,. The latter also gave 
adsorbed nitrate on both Rh and the alumina support. In the presence of CO, Rh-NO+ acted as a precursor of 
the Rh(CO)(NO) mixed surface complex of CO and NO. 
Reactions of nitric oxide and carbon monoxide over heter- 
ogeneous catalysts have been extensively studied,' with 
several investigations having involved the use of infrared 
spectroscopy for the identification of adsorbed intermediates 
on Rh/Al,O, The involvement and reactivities 
of surface species in the overall reaction leading to nitrogen 
and carbon dioxide are, however, still not completely 
~ n d e r s t o o d ~ . ~  and further attempts to elucidate the mecha- 
nism of reaction are therefore desirable. Furthermore, 
although nitrogen dioxide exists in small amounts in exhaust 
gases from internal combustion engines the adsorption and 
reactions of nitrogen dioxide on Rh/A1,0, have not been 
studied. The present infrared study, in continuation of earlier 
work related to the use of rhodium catalysts for pollution 
contr01,~,*-'~ aims to compare the adsorption of nitric oxide 
and nitrogen dioxide on Rh/Al,O, and to monitor the gas- 
phase and surface species resulting from reactions between 
nitric oxide or nitrogen dioxide and carbon monoxide over 
Rh/Al,O , cat a1 ys ts. 
Experimental 
Details are given elsewhereg for the preparation of 1.0 wt % 
Rh O on alumina (102 m2 g- ') and for the recording of infra- 
red spectra of adsorbed species. Carbon monoxide (99.997%) 
was supplied by Matheson Gas Products, nitric oxide (Air 
Products, 99%) was purified by fractional distillation' ' and 
nitrogen dioxide/dinitrogen tetroxide (Matheson, 99.5%) was 
purified by freezing to 210 K and evacuation.' ' 
Results 
Adsorption of NO 
Fig. l(a) shows the spectrum of Rh/Al,03 after exposure to 
NO at 300 K. Bands at 1734 and 1826 cm- ' are assigned to 
the asymmetric and symmetric stretching modes of a surface 
dinitrosyl complex of rhodi~rn.~, '  The latter band also con- 
tained a contribution from the gas-phase spectrum of NO. 
Gaseous NO was also responsible for weak bands at 1876 
and 1910 cm-' although the latter may have contained a 
contribution due to a surface Rh-NO' The spec- 
trum of Rh/Al,O, in NO at 300 K did not change with time. 
However, treatment in NO at 473 K caused a concomitant 
decrease in intensity of the two dinitrosyl bands one of which 
also shifted from 1826 to 1842 cm-' [fig. l(b)]. An intense 
band at 1910 cm-' developed during the treatment at 473 K 
and the occurrence of interactions between adsorbed species 
and surface hydroxyl groups on alumina was indicated by a 
broadening of bands above 3500 cm-' accompanied by a 
shift to lower wavenumbers. New bands also appeared at 
1645,1564, 1520, 1317 and 1233 cm-' [fig. l(b)]. The band at 
1645 cm-' may be assigned to Rh-N=O in which NO is 
adsorbed in a 'bent' c~nfiguration.~~' This band disappeared 
after the catalyst was heated in NO at 473 K for 18 h, the 
prolonged high temperature treatment also leading to further 
decreases in absorbance at 1734 and 1842 cm-' (shifting to 
1854 cm-') and enhanced growth in absorbance at 1910 
cm-' [fig. l(c)]. Maxima at 1564, 1520, 1317 and 1233 cm-' 
became more intense after the 18 h heat treatment in NO, the 
species responsible for the bands at 1564 and 1520 cm-' 
being partially resistant to desorption by evacuation at 473 K 
[fig. l(d)]. Evacuation at 473 K destroyed the rhodium 
dinitrosyl species (1854, 1734 cm-') but had little effect on 
Rh-NO' (1912 cm-'). Exposure of Rh/Al,O, to NO at 473 
K generated some nitrous oxide particularly after 18 h. 
The spectrum of NO adsorbed on reduced Rh/A1,0, [fig. 
l(a)] may be compared with the spectrum of NO on 
Rh/Al,O, which after reduction had been exposed to oxygen 
at 300 K before evacuation and exposure to NO at 300 K 
[fig. l(e)]. The most significant spectroscopic differences were 
the decrease in intensities of the bands due to rhodium 
dinitrosyl species and the enhanced intensity of the maximum 
at 1910 cm-' due to Rh-NO' for catalyst which had been 
exposed to oxygen. 
Adsorption of NO followed by CO 
Fig. 2(a) shows the spectrum of Rh/Al,O,, the treatment of 
which was chosen in order to generate a surface containing 
rhodium nitrosyl species but free of the rhodium dinitrosyl 
complex. The subsequent addition of CO reduced the inten- 
sity of the band at 1910 cm-' and led to the appearance of 
new bands at 2097 and 2028 cm-' due to a carbonyl species 
and at ca. 1730 cm-' due to a surface nitrosyl [fig. 2(b)]. The 
bands at 2097 and 2028 cm-' may in part be ascribed to a 
gem-dicarbonyl complex. "-' However, the observed rela- 
tive intensities of the bands together with the existence of an 
additional band at CQ. 1730 cm- ' is indicative of the presence 
of the surface species Rh(CO)(N0).2-4.7 Bands at 1653, 1447 
and 1236 cm-' were probably due to bicarbonate  anion^'^^'^ 
formed by the adsorption of CO. Subsequent evacuation at 
300 K led to the disappearance of the band at ca. 1730 cm-' 
and a readjustment in the relative intensities of the maxima 
at 2097 and 2028 cm-', the former decreasing in intensity 
and the latter growing such that the final intensities of the 
two bands were similar [fig. 2(c)]. Evacuation also en- 
hanced the intensity of the maximum at 1910 cm-' due to 
Rh -NO+. 
When the previous experiment was repeated (fig. 3) but this 
time allowing the CO to remain in contact with the catalyst 
for an extended period of time both bands at 1730 and 1910 
cm-' disappeared leaving maxima at 2097 and 2028 cm-' 
due to gem-dicarbonyl species [fig. 3(c)]. In addition, weak 
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Fig. 1. Spectra of Rh/A1,0, (a) + N O  (6.0 kN m-,, 300 K, 1 and 15 min), (b)  + N O  (6.0 kN m-,, 473 K, 45 min), (c) + N O  (6.0 kN m-2,  473 
K, 18 h), (d) after evacuation (473 K, 3 h). (e) Spectrum of Rh/Al,O, with NO (1.3 kN m-2, 300 K, 1 min) added after pretreatment with oxygen 
(532 N mP2,  300 K, 5 min) and evacuation (300 K, 7 min). 
bands due to adsorbed isocyanate on the alumina support3,'* 
appeared at 2260 and 2236 cm- '. 
Adsorption of NO, 
The dominant infrared bands in spectra of NO, adsorbed on 
reduced Rh/Al,O, at 300 K and at low pressures appeared at 
1910, 1540, 1309 and 1231 cm-' [fig. 4(a)]. On increasing the 
pressure of NO, the band at 1540 cm-' was replaced by a 
more intense maximum at 1554 cm-' with a shoulder at 
1617 cm-' [fig. 4(b) and (c)]. A less intense band also devel- 
oped at CQ. 1730 cm-' and the maximum at 1910 cm-' grew 
in intensity with a shoulder at ca. 1930 cm-'. Growth in 
absorbance in the 110&1400 cm- ' spectroscopic range gave 
two strong bands at 1297 and 1247 cm-', the two bands at 
1309 and 1231 cm-' remaining as shoulders [fig. 4(c)]. 
Removal of NO, by evacuation at 300 K produced no 
change in the spectrum of surface species. Subsequent addi- 
tion of CO [fig. qd)] led to the appearance of maxima at 
2097 and 2028 cm-', the latter being less intense than the 
former, and a decrease in the band at 1910 cm-'. The pre- 
sence of CO had negligible effect on bands in the 1200-1700 
cm- ' spectroscopic region although the band-pair at 1309 (sh) 
and 1297 cm- ' [fig. 4(c)] coalesced to give a narrower single 
maximum at 1300 cm-' [fig. 4(6)]. Increasing the time of 
contact between catalyst and CO further enhanced the band 
intensities at 2097 and 2028 cm-', the former band remain- 
ing the more intense of the two, and further diminished the 
absorbance at 1910 cm-' [fig. 4(e)]. Subsequent removal of 
CO at 300 K partially restored the band intensity at 1910 
cm-', reduced the intensities of the bands at 2097 and 2028 
cm-' and reversed the relative intensities of the latter two 
bands [fig. qf)]. 
The stability at 473 K of adsorbed Rh-NO' species was 
tested. Fig. 5(a) shows the spectrum of Rh/Al,O, exposed to 
a higher pressure of NO, than was used in the previous 
experiment [fig. 4(c)]. The band at 1910 cm-' was more 
intense than for lower pressures of NO, and the absorbance 
maximum was shifted to 1934 cm-' with a shoulder at 1980 
cm-'. Raising the temperature of the Rh/AI,03 to 473 K in 
the presence of NO, reduced the band intensity at 1934 cm-' 
exposing more clearly the shoulder at 1980 cm-' [fig. 5(b)]. 
Removal of NO, by evacuation at 300 K had no effect on the 
spectrum but only very weak residual bands due to 
Rh-NO+ species remained after evacuation at 473 K [fig. 
Fig. 6(aHe) show spectra of NO, adsorbed on the alumina 
support alone. Before admission of NO, the alumina was 
subjected to an identical pretreatment procedure, including 
reduction in hydrogen, to that used for the preparation of 
Rh/Al,O, catalyst. Three bands at 1620, 1593 and 1560 cm-' 
increased in intensity with increasing NO, pressure although 
the most intense band (at 1560 cm-') at low pressures 
became the weakest of the bands at high pressure. Two bands 
also appeared in the 1100-1400 cm-' region. At low NO, 
pressures these bands were at 13 11  and 1234 cm- ' [fig. 6(b)] 
shifting towards 1289 and 1261 cm-' with increasing pres- 
sure [fig. q e ) ] .  Evidence for hydrogen bonding interactions 
between surface hydroxyl groups and adsorption products 
from NO, was provided by losses in absorption intensity at 
5(~)1  . 
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Fig. 2. Spectra of Rh/Al,O, after (a)  addition of NO (798 N mP2,  
300 K, 10 rnin followed by 30 rnin at 473 K) and evacuation (473 K, 
30 min), (b) addition of CO (798 N mP2, 300 K, 1 min), (c) further 3 
min in CO followed by evacuation (300 K, 2 min). 
3788 and 3747 cm-' and the concomitant growth of a broad 
band centred at 3530 cm-'. The final intensities of the 
maxima resulting from the adsorption of NO, on alumina 
were unchanged after the removal of NO, by evacuation at 
300 K. 
Fig. 6(eHg) compares the spectra of NO, adsorbed on 
I 1 I I I 
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Fig. 3. Spectra of Rh/Al,O, after (a) addition of NO (1.1 kN m-', 
300 K, 45 rnin followed by 30 rnin at 473 K) and evacuation (473 K, 
30 min), (b) addition of CO (266 N mP2, 300 K, 6 rnin), (c)  further 16 
h in CO. 
Al,O, and Rh/Al,O, with the spectrum of alumina which 
had been impregnated with Rh(NO,), and dried in air at 383 
K. The drying temperature was suficiently high to remove 
adsorbed molecular water from the alumina surface but was 
not high enough to cause significant decomposition or oxida- 
tion of rhodium nitrate supported on alumina.8 Bands at 
1620, 1593 and 1560 cm- ' [fig. 6(e)] for alumina compare 
with bands at 1617, 1580 and 1554 cm-' [fig. 6(f)] for 
Rh/A1,0, and at 1620, 1585 and 1556 cm-' [fig. 6(g)] for 
Rh(NO,),/Al,O, . The latter gave additional bands at 1530, 
1520 and 147qsh) cm- ', the shoulder at 1470 cm- ' was also 
present in spectra of NO, on Rh/A1,0, but was not observed 
for NO, on A1,0, alone. Bands at 131 1 and 1234 cm-' shift- 
ing to 1289 and 1261 cm- ' [fig. qe)] with increasing adsorp- 
tion on Al,O, alone compared with bands at 1309 and 1231 
cm-' [fig. 6(f)] shifting to 1297 and 1247 cm-' for 
Rh/Al,O, and bands at 1314 and 127qsh) cm-' [fig. 6(g)] 
for Rh(NO,),/Al,O , . 
Discussion 
The spectra of NO, adsorbed on reduced alumina (fig. 6) 
were similar to previous spectra of NO, on alumina" 
showing that the reduction treatment had not significantly 
altered the adsorption sites. P a r k y n ~ ' ~  assigned bands in the 
1700-1200 cm-' region to vibrations of nitrate anions with 
three possible types of coordination being responsible for the 
triplet of bands at ca. 1600 cm-'. The adsorption of N O  on 
reduced alumina4 gave maxima at 1590 and 1230 cm-' 
which may also be ascribed to bidentate nitrate anions" 
formed when an N O  molecule bridges two adjacent exposed 
oxide ions. The same species gave bands at 159qsh) and 1233 
cm-' after exposure of Rh/A1,0, to NO, particularly at 473 
K [fig. l(c)], but was desorbed by evacuation at 473 K. Only 
very weak bands due to nitrate ions were recorded for 
Rh/Al,O, exposed to NO at 300 K. An earlier study of NO 
adsorption on alumina alone at ambient temperature gave no 
bands due to nitrate although bridging nitrate anions were 
generated when NO, was adsorbed under similar conditions 
on the same alumina.,' 
Bands above 1700 cm-' in spectra of NO, adsorbed on 
Rh/Al,O, may be unambiguously ascribed to surface species 
on rhodium rather than alumina. Differences between spectra 
of NO, on Al,O, and NO, on Rh/A1,0, (fig. 6) show that 
the spectroscopic range below 1700 cm-' also contains 
bands due to products of adsorption of NO, on rhodium as 
well as the maxima due to nitrate anions on alumina. The 
main differences involve the additional shoulder at 1470 
cm-' [fig. 6(f)] and enhanced intensities of bands in the 
1400-1200 cm- ' region for Rh/Al,O, . In particular the band 
at 1309 cm-' for Rh/Al,O, only appeared as a weak shoul- 
der at 1311 cm-' for alumina alone. Comparison with the 
spectrum of Rh(NO,), supported on alumina suggests that 
the additional effects for Rh/A1,0, may be attributed to the 
formation of adsorbed nitrate anions on rhodium. The dimer 
of NO, may undergo self ionisation to NO+ and NO;.,' 
Hence, eqn (1) represents a plausible mode of adsorption 
(2NO, N204)  + 2Rh i= Rh-NO+ + Rh-NO, (1) 
of NO, and leads not only to surface nitrate but also 
Rh-NO'. Reaction (1) was reversed by evacuation at 473 K 
[fig. 5(c)]. In contrast the Rh-NO' species formed by N O  
adsorption was not desorbed at 473 K [fig. l(d)]. 
Chemisorption studies have established that multiple 
adsorption of N O  occurs on rhodium.,, Iizuka and 
L u n ~ f o r d ~ ~  have provided spectroscopic evidence for the 
dinitrosyl species Rh(NO), in a rhodium Y zeolite while 
Pu
bl
ish
ed
 o
n 
01
 Ja
nu
ar
y 
19
90
. D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 21
/08
/20
13
 03
:18
:46
. 
View Article Online
2000 1800 1600 1400 1200 
J. CHEM. SOC. FARADAY TRANS., 1990, VOL. 86 
I I I I I I 
1 I ( V  I I 
2000 1800 1600 1400 1200 
wavenumber/cm- ’ 
Fig. 4. Spectra of Rh/Al,O, (a) + NO, (67 N m-’, 300 K), (b) + NO, (267 kN m-’, 300 K), (c) + NO, (333 N m-’, 300 K), (6) after 
evacuation (300 K, 10 min) and admission of CO (665 N m-’, 300 K, 1 min), (e) further 9 min in CO, (f) after evacuation (300 K, 5 min). 
Hyde et d4 ascribed bands at 1830 and 1740 cm-’ for NO 
on Rh/A1,0, to Rh(NO), . Further work gave additional evi- 
dence for the dinitrosyl species’ which is now accepted to be 
a product of adsorption of NO on Rh/Al,O, .7 The thermally 
activated conversion of the dinitrosyl species to Rh-NO+ 
giving an infrared band at 1910 cm-’ [fig. l(b) and (c)] has 
been reported before2-’ although the mechanism of the 
surface reaction is uncertain. The Rh-NO+ species has here 
been formed by heat treatment of NO adsorbed on 
Rh/Al,O, , by the adsorption of NO on Rh/A1,0, pretreated 
with oxygen [fig. l(e)], and by NO, adsorption on Rh/Al,O, 
(fig. 4 and 5). The subsequent addition of CO to Rh/Al,O, 
containing Rh-NO+ lead to the same spectroscopic effects 
no matter whether the Rh-NO+ had been generated from 
NO [fig. 2(b)] or NO, [fig. qd)]. 
Liang et aZ.’ suggested that some degree of reversibility 
exists in the interchange between Rh(NO), and Rh-NO+ 
whereas Hyde et a1.4 proposed that oxygen adatoms pro- 
duced during the formation of Rh-NO+ blocked the forma- 
tion of Rh(NO),. The conversion of Rh(NO), to Rh-NO+ 
was accompanied by the formation of N,04 which is consis- 
tent with the results of calculations predicting the formation 
of N,O from dinitrosyl species on iron@) catalysts.24 The 
formation of Rh-NO’ from the adsorption of NO, or from 
NO adsorption on oxidised rhodium suggests that the posi- 
tive charge of NO in the Rh-NO+ species is induced by an 
oxygen atom or a nitrate anion adsorbed at the same or an 
adjacent rhodium site. 
The Rh-NO+ species generated by the adsorption of NO, 
either thermally activated or on a preoxidised surface, was 
associated with an adjacent oxygen atom and was stable 
towards either evacuation at 473 K or further reaction with 
NO (fig. 1). In contrast, Rh-NO+ generated from NO, was 
more labile, being removed by evacuation at 473 K, and 
probably existed in association with an adjacent nitrate ion 
rather than an oxygen atom. In accordance with previous 
reports for Rh-NO+ generated from N02-497 both types of 
Rh-NO+ species slowly disappeared in the presence of CO 
with the concomitant appearance of a band at 1730 cm-’ 
and enhanced absorption intensity [relative to the expected 
result for Rh(CO),] at 2097 cm-’. These effects at 1730 and 
2097 cm-’ were due to the formation of Rh(CO)(NO), a 
similar Pd(COXN0) species having been identified for PdY 
 zeolite^.^'.^^ The Rh(CO)(NO) species was removed by evac- 
uation at 300 K or by prolonged contact with CO which 
would explain its absence on rhodium at temperatures above 
473 K6 If it is assumed that Rh-NOf exists as Rh(0)(N0)4 
after NO adsorption then a plausible first step in the forma- 
tion of Rh(COXN0) might involve the conversion of the 
oxygen atom to CO,(g) by reaction with CO. However, this 
proposal is inconsistent with the present data. When CO was 
removed by evacuation [fig. 2(c) and qf)] an increase in the 
intensity of the infrared band at 1910 cm-‘ occurred and 
there were concomitant losses in band intensity at 1730 and 
2100 cm- ’. This and similar results reported by Solymosi et 
~ 2 1 . ~ 3 ~  suggest that reaction (2) is reversible which would 
NO 
/ 
\ 
Rh-NOf + CO Rh (2) 
co 
be incompatible with a mechanism in which the forward 
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Fig. 5. Spectra of Rh/Al,O, (a)  + NO, (798 N m-', 300 K, 1 min), (b) + NO, (798 N m-,, 473 K, 30 min), (c) after evacuation (473 K, 30 min). 
reaction involves loss of an oxygen adatom as CO,(g) before 
the adsorption of CO at the vacated site could take place. 
The data therefore indicate that the oxygen adatom present 
in conjunction with the Rh-NO+ species must exist on an 
adjacent Rh surface site. The addition of CO to form 
Rh(COXN0) is therefore not impeded by the oxygen atom 
which would be retained on the adjacent Rh site during the 
adsorption of CO. Retention of the electron-withdrawing 
effect of the oxygen atom when the Rh(COMN0) complex is 
formed may account for the high infrared band position at 
2097 cm-' for the CO stretching vibration of ligated CO in 
Rh(CO)(NO). An infrared band in the range 2100-2080 cm-' 
has been attributed to CO ligated to Rh+ adsorption 
sites.' 5 9 2 7  
The following equations are in accordance with the present 
results for the adsorption of NO or NO, followed by CO on 
Rh/Al,O, . 
NO NO + N O  0- 
\ /  I I 
Rh R h + N O + R h  R h + N , O  (3) 
+NO 0- 
I I 
Rh R h + N O , + R h  Rh (4) 
I I  I I  
Rh R h + N O , - +  Rh Rh ( 5 )  
+NO 0- NO CO 0- 
I I  \ /  I 
Rh R h + C O e  Rh Rh (6) 
The Rh-NO+ species giving an infrared band at 1910 cm-' 
may be formed from N O  or NO, via reactions (3) or (4), 
+NO 0- +NO NO, 
respectively, or by preoxidation of rhodium followed by addi- 
tion of NO. With increasing pressures of NO, the maximum 
at 1910 cm-' developed a shoulder at ca. 1930 cm-' [fig. 
4(c)] which became a maximum at 1934 cm-' for high NO, 
pressures [fig. 5(a)]. The growth of the maximum at 1934 
cm-I was accompanied by decreases in absorbance at 1910 
cm-' and the eventual disappearance of the latter band for 
high NO, pressures. This suggests, in accordance with reac- 
tion (5), that the Rh-NO+ species formed from NO, at low 
pressures further reacts to a second Rh-NO+ species (band 
at 1934 cm- ') in which the oxygen atom (represented as 0- 
in the equations) is replaced by a nitrate anion on the adjac- 
ent rhodium site. 
Carbon monoxide was removed from the Rh(COXN0) 
species formed via reaction (6)  by evacuation at ambient tem- 
perature in accordance with expectation for a weak Rh-CO 
ligand, a strong C-0  bond and therefore a high band posi- 
tion (2097 cm-') for the CO-stretching vibration. It has been 
suggested4 that the Rh(CO)(NO) species is an intermediate in 
the interconversion of Rh(NO), dinitrosyl and Rh(CO), 
dicarbonyl complexes of rhodium in systems where supported 
rhodium is exposed to gaseous mixtures of CO and NO. 
Recent results showing that Rh(CO), was converted to 
Rh(COHN0) in the presence of NO supports this sugges- 
t i ~ n . ~  It has here been shown that the Rh(COXN0) species 
may be readily formed by the addition of CO to dispersed 
rhodium which is devoid of dinitrosyl species and for which 
the predominant surface nitrosyl complex is Rh-NO+. The 
Rh-NO+, either with an adjacent oxygen atom or a nitrate 
anion, may be the precursor of Rh(COKN0). However, the 
precursor is not necessarily formed from the dinitrosyl 
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Fig. 6. Spectra of A1,0, at 300 K immediately after the addition of NO, at pressures/N m-* of (a)  33, (b) 40, ( c )  100, (6) 133 and (e)  267. (f) 
Spectrum of NO, on Rh/A1,0, [same as spectrum q b ) ] .  (9)  Spectrum of N,O, impregnated with Rh(NO,), and dried in air at 383 K. 
Rh(NO), [reaction (3)] but may also be generated by the 
adsorption of NO, [reactions (4) and (511 or by the adsorp- 
tion of NO on an oxidised rhodium surface. 
We thank Johnson Matthey Research Centre for a sample of 
aqueous rhodium nitrate. 
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